In rodents, cyclically fluctuating levels of gonadal steroid hormones modulate neural plasticity by altering synaptic transmission and synaptogenesis. Alterations of mood and cognition observed during the menstrual cycle suggest that steroid-related plasticity also occurs in humans. Cycle phase-dependent differences in cognitive performance have almost exclusively been found in tasks probing lateralized neuronal domains, i.e., cognitive domains such as language, which are predominantly executed by one hemisphere. To search for neural correlates of hormonally mediated neural plasticity in humans, we thus conducted a functional magnetic resonance imaging study measuring brain activity related to a semantic decision task in the language domain. This was contrasted with a letter-matching task in the perceptual domain, in which we expected no steroid hormone-mediated effect. We investigated 12 young healthy women in a counterbalanced repeated-measure design during low-steroid menstruation and high-steroid midluteal phase. Steroid serum levels correlated with the volume and lateralization of particular brain activations related to the semantic task but not with brain activity related to the perceptual task. More specifically, bilateral superior temporal recruitment correlated positively with progesterone and medial superior frontal recruitment with both progesterone and estradiol serum levels, whereas activations in inferior and middle frontal cortex were unaffected by steroid levels. In contrast to these specific interactions, testosterone levels correlated nonselectively with overall activation levels by neural and/or vascular factor(s). In conclusion, our data demonstrate steroid hormone responsivity in the adult human brain by revealing neural plasticity in the language domain, which appears hormone, task, and region specific.
Introduction
Plasma concentrations of gonadal steroid hormones such as estradiol and progesterone vary systematically during the menstrual cycle, with low plasma concentrations during menstruation, high preovulatory estradiol levels at the end of the follicular phase, and high levels of both progesterone and estradiol during the luteal phase in the second half of the cycle after ovulation. This changing hormonal milieu seems to be responsible for cyclic modulations of mood (Sherwin and Gelfand, 1985) and certain cognitive abilities (Hampson and Kimura, 1992) . Behavioral studies assessing cyclic fluctuations in cortical plasticity suggested, for instance, that language operations are more lateralized to the left hemisphere during menstruation than the midluteal phase, indicating that progesterone alone or in combination with estradiol can alter cortical representations of language (Altemus et al., 1989; Hausmann and Güntürkün, 2000; Alexander et al., 2002; Hausmann et al., 2002) . However, behavioral techniques such as dichotic listening or tachistoscopic visual half-field stimulation assess only the relative contribution of each hemisphere to a given task. They cannot answer the crucial question of whether the midluteal reduction in asymmetry is based on a specific corecruitment of the contralateral, subdominant hemisphere or on a more general increase in neural recruitment, including brain areas in the subdominant hemisphere. Moreover, behavioral approaches cannot determine which particular areas within a hemisphere may selectively be modulated by gonadal steroid hormones.
In contrast, functional imaging techniques such as functional magnetic resonance imaging (fMRI) should be ideally suited to track hormone-dependent neural plasticity. However, the results of initial fMRI studies did not concur with the behavioral observations (Altemus et al., 1989; Hausmann and Güntürkün, 2000; Alexander et al., 2002; Hausmann et al., 2002) . Whereas one study (Veltman et al., 2000) found no interaction between cycle phase and language-related activations, another (Dietrich et al., 2001) found weaker or smaller, but similarly lateralized, activations during menstruation than the preovulatory estradiol surge. These fMRI examinations were performed during either the lowprogesterone follicular phase or a presumed luteal phase, but without confirmation by progesterone measurement, thereby potentially missing the brief progesterone peak.
To explore hormone-dependent cortical plasticity in adulthood, we used a counterbalanced repeated-measure design testing whether naturally occurring differences in serum levels of gonadal steroid hormones between menstruation (days 2-4 of the cycle) and the midluteal phase (confirmed by hormone assessment) (see Table 1 ) affect fMRI activations associated with a semantic-perceptual contrast (Fernández et al., 2001 ) with high test-retest reliability (Fernández et al., 2003) . To explore the interaction between steroid hormones and brain activity in greater detail, we related serum concentrations of estradiol, progesterone, and testosterone directly to fMRI data and to individual fMRI measures such as functional cerebral asymmetry and the level and volume of task-related activations.
Materials and Methods
This study was approved by the Medical Ethics Committee of the University of Bonn, and all women gave their written informed consent. Each woman was tested once during menstruation (between days 2 and 4 after onset of menstruation) and once during the midluteal phase [7 d after the luteinizing hormone (LH) peak as estimated by ClearPlan Ovulation Predictor Tests (Unipath, Bedford, UK)]. The order of investigations was counterbalanced across the women. To reduce the effect of circadian fluctuations in hormone levels (e.g., corticosteroids), all investigations were performed between 8:00 and 11:00 P.M. Four women initially enrolled were excluded because of a failure of serum progesterone levels to rise above 4 ng/ml (two women), hyperandrogenism (one woman), or pregnancy (one woman). Twelve healthy women completed the study after meeting all inclusion criteria: no hormonal medication within the last 6 months, regular cycle duration (Ϯ2 d), right-handedness [Edinburgh Handedness Index (Oldfield, 1971) of Ն90], German as the first language, normal vision, no use of CNS active medication or illicit drugs, and no regular consumption of nicotine or alcohol. The mean age was 27.5 years (range, 22-34) . Mean length of menstrual cycle was 28.7 d (range, 26 -31) .
To make our study sample as homogeneous as possible, left-handed women were excluded. Because the incidence of typical left-hemispheric language dominance in left-handed subjects is ϳ80% (Szaflarski et al., 2002) , we would have needed a very large study sample (ϳ75 women) to explore the interactions between steroid hormones, left-handedness, and atypical language dominance.
Hormone assessment. A venous blood sample was drawn before each MRI investigation for determination of LH, follicle-stimulating hormone (FSH), estradiol, progesterone, dehydroepiandrosterone, sex hormone binding globulin (SHBG), and testosterone. Parameters were measured by commercially available immunometric assays with an automated chemiluminescent immunoassay system (ImmuliteTM; Diagnostic Products, Los Angeles, CA). To assess the biological active testosterone fraction (Carter et al., 1983) , the free androgen index (FAI) was calculated: FAI ϭ 100 ϫ testosterone (nmol/l)/SHBG (nmol/l).
Behavioral procedure. In the scanner, a series of item pairs, either wordor consonant string pairs, were presented back-projected onto a translucent screen, which women viewed by way of a mirror. Both constituents of each pair were simultaneously presented for 4 sec, above and below a central fixation cross. A semantic condition (synonym-judgment task) alternated with a perceptual condition (letter-matching task) every 25 sec, so that six item pairs were presented for each of 30 half-cycles. Hence, the behavioral experiment took 12.5 min in total.
We created two stimuli sets with identical characteristics. The verbal stimuli were 360 common German nouns (5-11 letters), forming 90 pairs of words with identical or highly similar meanings (synonyms) and 90 pairs of semantically unrelated words. The consonant strings were developed pseudorandomly to represent 90 pairs of two identical strings and 90 pairs in which one letter was different between the two constituents. Strings were matched with words with regard to the number of letters. Across women, the order of stimuli sets and stimuli pairs within each condition was counterbalanced. Women were required to push a button with the index finger of their right hand whenever they identified a pair of two synonyms or identical letter strings.
MRI data acquisition. For each investigation, 16 axial slices were collected at 1.5 T (Symphony; Siemens, Erlangen, Germany): 248 T2*-weighted, gradient echo planar imaging (EPI) scans, including eight initial scans that were discarded to achieve steady-state magnetization (slice thickness, 6 mm; interslice gap, 0.6 mm; matrix size, 64 ϫ 64; field of view, 220 mm; echo time, 50 msec; repetition time, 3.125 sec). Thereafter, we acquired a sagittal T1-weighted three-dimensional FLASH sequence for each woman during the first investigation for anatomical localization (number of slices, 120; slice thickness, 1.5 mm (no interslice gap); matrix size, 256 ϫ 256; field of view, 230 mm; echo time, 4 msec; repetition time, 11 msec).
MRI data analysis. MR images were processed using SPM99 (www.fil. ion.ucl.ac.uk/spm) and the following steps: (1) registration of motion correction parameters aligning each image of the time series to the first image for head movement correction; (2) calculation of parameters for the normalization onto the Montreal Neurological Institute (MNI) atlas based on the first EPI scan using the EPI template (default values for nonlinear corrections); (3) normalization, i.e., transformation of all images into the standard space defined by the MNI atlas using a sincinterpolation algorithm to allow intersubject averaging; (4) smoothing of the normalized images with a 7 mm full-width at half-maximum isotropic Gaussian kernel to account for intersubject variance of functional anatomy; (5) modeling the expected hemodynamic responses to each task as an increase of signal intensity during task-related stimulation (boxcar regressor in a general linear model); this regressor was convolved with a canonical hemodynamic response function (hrf) to represent brain physiology; (6) temporal filtering of the acquired time series to reduce high-and low-frequency noise attributable to scanner drifts and physiological noise (i.e., with the hrf as a low-pass filter and 106 sec for the cutoff period of a high-pass filter); (7) calculation of parameter estimates for each trial type covariate from the least mean squares fit of the model to the data; parameter estimates stored as separate images for each subject; (8) definition of the preexperimentally planed effects of interest (synonym-judgment Ͼ letter-matching and letter-matching Ͼ synonym-judgment) by the relevant contrast of these parameter estimates and generation of contrast images for each woman and each effect of interest; (9) entering contrast images into repeated-measures onesample or two-sample t test respectively, to test whether, across subjects, the mean of the parameter estimates of the contrast differed from zero (random effects model); and (10) entering contrast images into regression analyses, correlating serum hormone concentrations with levels of activations (parameter estimates).
Three fMRI measures [weighted lateralization index (LI), level of activation, and volume of activation] were derived from individual t maps after masking the supratentorial brain and excluding three sagittal midline planes to minimize errors attributable to normalization. To estimate these measures, we had to objectively adjust individual statistical thresholds as described previously (Fernández et al., 2001 ), because of intersubject variability in general activation levels. This was achieved by first calculating a mean maximum t value defined as the mean of those 5% of voxels showing the highest level of activation. Those voxels with a t value exceeding 50% of this mean maximum t value were included into the calculation of LI, level of activation, and volume of activation. The level of activation was defined as the mean t value of all voxels exceeding the individually defined threshold and the volume of activation as the number of these voxels. The LI was calculated by the following formula:
where V is the set of activated voxels, X L is the t value of left hemispheric voxels, and X R is the t value of right hemispheric voxels.
Results

Hormone assessment
As expected, estradiol and progesterone levels were much higher, and testosterone levels were slightly higher during midluteal phase than menses. In contrast, FSH levels were lower during midluteal phase than menses (Table 1) .
Behavioral performance
The rate of correctly identified synonyms was 96.4 Ϯ 3.7% (mean Ϯ SD), with 0.2 Ϯ 0.5% false positive responses. The mean rate of correctly recognized identical consonant strings was 94.4 Ϯ 6.6%, with 10.3 Ϯ 5.2% false positive responses. Mean reaction times for correct responses to synonyms was 1705 Ϯ 349 msec and to consonant strings was 2529 Ϯ 428 msec. Both cycle phases were associated with similar performance and reaction times, and no pairwise comparison revealed a reliable difference (each p Ͼ 0.05). Hence, differences in imaging results between midluteal phase and menstruation cannot be attributed to differences in performance.
MRI data
The synonym-judgment compared with the letter-matching task produced blood-oxygen level-dependent activations in multiple, predominantly left hemispheric regions (mean LI, 0.66 Ϯ 0.25). These regions comprised a temporoparietal area, the dorsal part of the inferior and middle frontal gyrus, and the ventral as well as medial aspect of the superior frontal gyrus. The opposite contrast (letter-matching Ͼ synonym-judgment) revealed bilateral posterior activations, extending from occipital to inferior temporal and parietal regions following the dorsal and ventral visual processing stream. In addition, primary and secondary motor areas were activated within the frontal lobe (Fig. 1a,b) .
Compared with menstruation, measurements during the midluteal phase revealed larger temporal and medial superior frontal activations for the synonym-judgment Ͼ letter-matching contrast. More voxels in both hemispheres (Figs. 1, 2) reached our statistical threshold during the midluteal phase than during menstruation (mean menses midluteal difference of the number of significantly activated voxels: left hemisphere, 101.8 Ϯ 122.8; right hemisphere, 120.6 Ϯ 144.2; t (11) ϭ Ϫ0.48; NS), indicating a bilateral increase of neural recruitment. This increase was, however, correlated with reduced asymmetry (r ϭ 0.798; p Ͻ 0.002; mean LI menses, 0.80 Ϯ 0.20; mean LI midluteal phase, 0.57 Ϯ 0.28; t (11) ϭ Ϫ2.89; p Ͻ 0.02). Stronger left lateralization during menstruation than midluteal phase was found in 10 women. The two remaining women had strongly lateralized activations and only small differences between both cycle phases (LI, 0.95-1.00 and 0.94 -1.00).
The correlation of serum hormone levels with fMRI group data revealed that, for the semantic decision task, brain activity in the superior temporal gyrus correlated bilaterally with progesterone serum levels, and activity in the medial superior frontal gyrus correlated with both progesterone and estradiol serum levels (Fig. 1d,e) . However, activity in inferior and middle frontal cortex (Fig. 1a,b ) did not correlate with any of these hormone levels (Fig. 1d,e) , although these areas exhibited the strongest activation related to the semantic decision task (Fig. 1a,b) . Moreover, brain activity related to the letter-matching task correlated with neither progesterone nor estradiol levels. Unlike progesterone and estradiol, FAI correlated with a nonspecific increase of disseminated activations in all brain areas activated by both tasks (Fig. 1f ) .
This dissociation between the effect of different hormones and task-related activations was examined further by correlations between individual hormone serum levels and measures of functional asymmetry, activation level, and activation volume based on individual t maps. No reliable correlations were revealed for the letter-matching Ͼ synonym-judgment contrast (max r Ͻ 0.4; NS), confirming that brain activity related to the letter-matching task was not systematically influenced by the hormonal state. In contrast, language-related activations revealed specific correlations ( Fig. 3) with progesterone (r ϭ Ϫ0.57; p Ͻ 0.005) and, although to a lesser degree, estradiol levels (r ϭ Ϫ0.49; p Ͻ 0.02), with lower serum levels associated with stronger left lateralization. FAI did not correlate with lateralization indices. The volume of brain activations (which is not independent of the level of activation because a statistical threshold is used) also showed a reliable correlation with progesterone levels (r ϭ 0.63; p Ͻ 0.001), with higher serum levels of progesterone associated with larger areas of activation. Conversely, FAI did not correlate with the volume but with the level of activation (r ϭ 0.59; p Ͻ 0.002), whereas estradiol and progesterone levels did not correlate with the level of activation (max r Ͻ 0.25; NS). This dissociation between specific hormone effects on activation level and activation volume is an additional indication that testosterone nonspecifically increases the contrast-to-noise ratio by neural and/or vascular factors, whereas progesterone and estradiol have specific effects on the volume of cortical recruitment.
Finally, three stepwise regressions with the independent variables FAI, estradiol, and progesterone serum levels confirmed this pattern of interactions: the variance in the volume of activation was explained best (39%) if only progesterone was included in the model (F (1,22) ϭ 14.07; p Ͻ 0.001). A similar result was obtained for lateralization. Again only progesterone was included, and the model accounted for 32% of the variance (F(1,22) ϭ 10.38, p Ͻ 0.005). The model for the level of activation included only FAI and accounted for 18% of the variance (F (1, 22) ϭ 4.87; p Ͻ 0.05).
Discussion
Our results reveal that transient elevations of progesterone and estradiol serum levels, as they naturally occur during the menstrual cycle, are accompanied by spatially more extended recruitment of specific, symmetric brain areas involved in a semantic decision task. The additional recruitment is located in the superior temporal gyrus and the medial wall of the superior frontal gyrus. Because no general effect (like that of testosterone with nonspecific differences in contrast-to-noise ratio) caused the modulation of recruitment, the relationship between neural recruitment and gonadal steroids appears specific.
The two contrasts used (synonym-judgment Ͼ lettermatching and letter-matching Ͼ synonym-judgment) are not orthogonally opposed to each other. However, in brain regions that exclusively or predominantly process language (i.e., Broca's area or the superior temporal gyrus) or that exclusively or predominantly support higher-order visual processing (i.e., dorsal visual stream), the alternative condition can be regarded as a control condition inducing no or almost no hemodynamic response. Because our central findings are almost exclusively limited to brain regions that either predominately process words or letter strings, our conclusions can be attributed specifically to either language or visuo-perceptual processing. The design cho- sen excludes the possible confound introduced by simple control conditions such as a "resting" state, in which conceptual processing is known to be accompanied by activations of languagerelated brain areas .
It is well recognized that gonadal steroids have many effects on the brain beyond their role in reproduction (Rupprecht and Holsboer, 1999 and after local metabolization or synthesis of so called neurosteroids (Le Goascogne et al., 1987) . Progesterone, for instance, is metabolized to tetrahydroprogesterone, inducing rapid effects on neuronal excitability by allosteric interaction with a putative steroid recognition site on the GABA A receptor-ion channel complex, increasing the frequency and duration of chloride channel openings (Majewska et al., 1986) . Moreover, there is ample evidence for cycle-dependent synaptogenesis in rodents (Woolley et al., 1990; Yankova et al., 2001) . Estradiol causes an increase in the excitatory drive on pyramidal neurons leading to new dendritic spines with higher density of glutamatergic receptors and increased synaptic activity among neurons (Segal and Murphy, 2001) . Such modulatory effects on neurotransmission, synaptogenesis, or both may cause the cycledependent plasticity observed here in the adult human brain. However, gonadal steroid effects are so complex that the question of how plasticity is mediated must remain open to speculation.
The cycle-dependent changes in language lateralization found here as a corollary of a symmetric increase of neural recruitment during the midluteal phase are in full accord with behavioral studies estimating the relative contribution of each hemisphere to a given language task in different cycle phases (Altemus et al., 1989; Hausmann and Güntürkün, 2000; Hausmann et al., 2002) . Moreover, in line with those studies, which have analyzed the relationship between functional hemispheric asymmetries and hormone levels more closely (Hausmann and Gün-türkün, 2000; Hausmann et al., 2002) , we show that progesterone exerts a larger impact on functional hemispheric lateralization than estradiol. It has been hypothesized that high levels of progesterone lead to an interhemispheric decoupling based on a decrease of commissural activity (Hausmann and Güntürkün, 2000) . Although the superior temporal region is connected with the opposite cerebral hemisphere by way of the anterior commissure and the corpus callosum (Cipolloni and Pandya, 1985) , neither this temporal region nor the medial aspect of the superior frontal gyrus have a disproportional large number of commissural fibers (Pandya et al., 1971) . Hence, the region-specific results obtained here (no steroid hormone effect on inferior and middle frontal activations but strong hormone effects on superior temporal and frontal activations) cannot simply be explained by a steroid effect on commissural transmission. Additional local-and regionalspecific effects are necessary to explain our results of a symmetrical midluteal extension of regions engaged in the semantic decision task causing reduced functional lateralization and correlating with high progesterone and estradiol levels during this phase of the cycle.
Our finding that language lateralization is modulated by gonadal hormone levels could explain why imaging studies investigating interactions of gender and language lateralization have produced variable results. Whereas some studies found stronger left lateralization in men than women (Shaywitz et al., 1995; Kansaku et al., 2000) , others did not (Buckner et al., 1995; Frost et al., 1999) . Because we found a mean intrasubject difference of ϳ30% in left lateralization between menstruation and midluteal phase, contrasting outcomes could be attributable to systematic differences between studypopulations in terms of their hormonal states (e.g., cycle phase or use of hormonal contraception). More- Figure 2 . Mean Ϯ SEM number of significantly activated voxels in response to the synonym-judgment task in contrast to the letter-matching task shown separately for the left hemisphere, right hemisphere, menstruation, and the midluteal phase.
Figure3. Scatterplotswithleast-squareslinearregressionlinescontrastingindividualfMRImeasuresderivedfromtmapsbasedonthe synonym-judgment Ͼletter-matching contrast for lateralization (LI), the level of activation (meantvalues), and the volume of activation (number of significantly activated voxels) with individual serum hormone levels of progesterone, estradiol, and FAI. over, differences in task demands could cause different degrees of language lateralization in men and women. Kansaku and Kitazawa (2001) , for instance, suggested on the basis of a meta analysis that studies using a sublexical task or passive story listening found clear gender differences in language lateralization, whereas studies using tasks involving semantic processing of individual words failed to do so. Following this line of argument, the semantic task used here may have revealed cycle-dependent variations, which tasks like story listening or rhyming might not have detected. In any case, the hormonal state of female subjects should be considered as an important biological factor influencing activation pattern and limiting within-subject reproducibility in future imaging studies.
In conclusion, our data show that neural recruitment in a cognitive task is highly responsive to the kind of fluctuations of gonadal steroid hormones (McEwen, 1999; Breedlove and Jordan, 2001) , which naturally occur during the menstrual cycle. Regardless of the underlying mechanism(s), our findings demonstrate that cortical representations of language are variable in the fully developed brain and that progesterone and estradiol may modulate neuronal plasticity in a task-and region-specific manner. For the time being, the evidence for a link between these gonadal steroids and cortical representation is limited to the two tasks implemented here. Additional investigations are necessary to assess whether gonadal steroid levels are related to neuronal plasticity in other cognitive tasks and domains.
